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Abstract-High-rise buildings may experience high levels of vibrations under the actions of wind which cause building motions, adversely affecting serviceability and occupant comfort. The paper analyzed the vortex shedding responses of a multistory building with moment resisting frame. It presents a numerical model based on computational wind engineering technique to simulate the wind action over a typical high-rise building using wind speed data of Lagos state Nigeria. The vortex shedding frequency of the vortices and the natural frequency of vibration of the entire high-rise building structural system were calculated by computing fast Fourier transform algorithm (FFT) of the force coefficient and finite element analysis (FEA) of the structural system respectively. From the result obtained, the vortex shedding frequency of the wind vortices was lower than the fundamental frequency of vibration of the typical high-rise building. Hence, vortex shedding was not responsible for the failure of high-rise buildings in the locality being considered due to the reasons stated in the author's conclusion. 
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I. INTRODUCTION
Estimating wind -induced responses of structures is being a main topic of discussion in the area of wind engineering for the last 40years [1] .
For a rectangular building with one face nearly perpendicular to the mean flow, the wind phenomenon is usually measured in the along wind and cross wind directions as well as in torsional mode [2] . Analyzing windinduced responses on buildings are mostly carried out through theoretical formulation, numerical algorithms, wind tunnel testing, Computational fluid dynamics and code provisions [3] . All these analytical and simulation tools are also required when investigating complex wind induced phenomenon like vortex shedding [3] .
When vortex forms on the side of a building, it creates a suction force. The potential problem is that vortices tends to form in well-organized pattern and rocks the building as they shed alternatively from each side [4] .
Published on February 25, 2018. C. V. Okafor, Ms.c Department of Building, Nnamdi Azikiwe University Nigeria (e-mail: chinedumokafor117@yahoo.com). [4] At high wind velocity, fluids streams detach themselves from surfaces of a blunt body, this is called flow separation. The location of the separation point depends on several factors such as the Reynolds number, the surface roughness and the level of fluctuations in the free stream. Pressure gradient is also one of the factors that influences flow separation [5] . Separation usually occurs at sharp or blunt edges usually regarded as regions of adverse pressure gradient termed positive pressure gradient because they tend to retard the flow. A continuous retardation of the flow brings the wall shear stress to a value of zero, at this point the flow is seen to separate by detaching itself from the body of the high-rise building. As the wall shear stress reduces further to negative values, the flow reverses and a region of recirculation flow develops. The low pressure region behind the body where recirculation and backflow occur is called the separated region. The region of flow trailing the body where the effects of the body on the velocity are felt is called wake.
The key phenomenon that engineers need to worry about are the formation and shedding of circulating fluid structure called vortices in the wake region. The periodic generation of these vortices at the wake region is referred to as vortex shedding.
The vibrations generated by vortices near the walls of the high-rise building may cause structure to resonate to a dangerous level if the first fundamental frequency of the high-rise building coincides with the vortex shedding frequency which may in turn cause the failure of the building. The aim in this study is to analyze the responses of a multi-storey building to the effect of vortex shedding.
This study sought to achieve the aim through the following objectives:
1) Determine the force coefficients of the wind flow on the high-rise building from CFD simulation. 
II. METHODOLOGY
A. Area of the Study
The building is assumed to be situated in Lagos state, Nigeria and the shape and dimension are modified to suit the analysis. It is a 157.5m x 60.96m x 30.48m fifty storey highrise building at a 3.150m floor to floor height. A 1.22m parapet was provided above the last floor, making total height of the building equal to 157.5m. The floor slabs were assumed to provide diaphragm action 
B. Computational Wind Engineering
Computational wind engineering (CWE) deals with numerical simulation of classical wind engineering problems using numerical algorithm developed by computational fluid dynamics [6] .
According to [4] , to know when a high-rise building is in danger of being adversely affected by vortex shedding, one needs to ascertain two important frequencies. The first one is the fundamental frequency of vibration of the structure; the second one is the frequency with which the vortexes are shed from the structure into the vortex street. When the two are equal, the building structure begins to resonate which in turn may cause structural failures.
The computational domain used for the CFD study was adopted according to recommendations by [7] , the inlet, the lateral and the top boundary away from the high-rise building model is at 5H while the outflow boundary is 15H, leading to a blockage ratio of 1.8%. Where H represents the height of the building. The outlet distance was located far away downstream from the high-rise building model to develop equilibrium with the inlet conditions and also prevent backflow.
III. CFD BOUNDARY CONDITION
It is important to choose proper boundary condition since this decides to a large extent the solution in the computational domain [7] .
A. Inflow Boundary
At the inflow boundary layer, the mean velocity profile is usually obtained from the log profile corresponding to the upwind terrain via the roughness length Z0 [8] . For steady RANS simulation, the mean velocity profile and turbulence quantity are obtained based on the formula suggested by [9] , in which the vertical profile for ( ) , ( ), ( ) in the atmospheric boundary layer assumes a constant shear stress with height as follows:
B. Outlet Boundary
An outflow boundary condition was used at the downwind boundary with constant static pressure and boundary condition for set to those of inlet. Backflow was not observed because the outlet boundary was sufficiently far away from the 3D Model.
C. Wall Treatment
The effect of the roughness height associated with the terrain category of the location in study was modeled by means of wall functions applied to the bottom of the domain. For the bottom of the computational domain, a rough wall was specified to model the effect of the ground roughness. According to [10] , [11] , the relationship between and 0 is found and written as:
Where is the sand grain roughness, 0 is aerodynamic roughness length=0.1m, roughness constant( ) =0.5.No slip boundary type was specified for the wall velocity.
D. Top Boundary
As also specified by [9] , specific attention is needed for the boundary condition at the top of the domain. Along the length of the top boundary, the values from the inlet profile of , , at this height are imposed. ( = 5.432, = 0.315207 2 2 ⁄ , = 0.000429237 2 3 ⁄ ). According to [11] , the application of this particular type of top boundary condition is important because other top boundary conditions (symmetry, slip, wall, etc) can themselves cause stream wise gradient in addition to those caused by wall function. E. Solver Setting SIM-FLOW commercial CFD code was used to perform the simulation. The 3D steady RANS equation was solved. The simple algorithm was used for pressure-velocity coupling, pressure interpolation was second order and second-order discritizaton schemes were used for both the convective terms and the viscous terms of the governing equation for fluid flow.
Data generally used to describe the boundary conditions of the CFD study are presented in Table I , based on full scale measurements where relevant. Steady state analysis used to develop the adaptive mesh was carried out using an RNG K-turbulence model following recommendations in [7] . As can be seen in the Fig. 7 , for the rectangular high-rise building with an aspect ratio of 5.1, the curve of the lift coefficient with respect to time is damped. According to [12] , the damping behavior of the lift coefficient curves is because of the dissipation of producing vorticity by vicious effects
In order to calculate the vortex induced forces,
Where is the drag force, is the lift force, 0.5 2 is dynamic pressure, is the density of air, is the free stream velocity and A is the frontal area projected one plane normal to the direction of the flow. As seen in Fig. 7 , at the emergence of vortex shedding, the lift coefficient begins to oscillate about a mean value of 0.0811. According to [13] , due to the alternating vortex wake (Karman's street) the oscillation in the lift force occur at the vortex shedding frequency and oscillation in drag force occur at twice the vortex shedding frequency.
IV. FAST FOURIER ANALYSIS
FFT is a spectral analysis tools based on the FFT algorithm. Its main purpose is to transform the signal from its time-domain representation into the frequency-domain representation. The vortex shedding frequency is determined by computing a Fourier analysis of the forces acting on the tall building. Using FFT, the amplitude of different frequencies present in the time domain signal is calculated. As seen in Fig. 9 , the amplitude in the lift coefficient is dominated by a single frequency at f=0.039063 , with a corresponding strouhal number of 0.43. This frequency is the value at which vortices are shed into the wake. According to [14] , the strouhal number (st) is a dimensionless proportionality constant between the main frequency vortex shedding and the free stream velocity divided by the width of the high-rise building.
The corresponding strouhal number can be calculated using
Where fs =shedding frequency, ∞ =wind velocity and D =the breath of the structure in the horizontal plane normal to the wind direction.
V. FINITE ELEMENT MODELLING AND ANALYSIS
Finite element software (FE analysis) software STADDPRO V8i was used for the modal analysis of 3D concrete frame. The 3D model consists of 2295 node, 6050 beams and 1600 plate elements. The masonry walls were modeled explicitly by applying corresponding member loads on the external and internal supporting beams respectively. Appropriate material properties are assigned and modal analysis carried out.
The details of the experimental values of material study are given in Table II. 
VI. ELEMENT TYPE
A. Frame Element
A frame element is a slender member subjected to lateral loads, axial loads and moments. It is also known as beamcolumn element because it possesses properties of both truss and beam element. For this analysis, the beams and columns were modelled using frame element. Each beam and each column is represented by single frame element (no subdividing by meshing was done). Since the structure is a space frame i.e.; three possible direction of vibration, selfweight was specified along the global X, Y and, Z directions respectively.
B. Plate Element
A plate element is a two dimensional solid element. Each node has three degree of freedom -two rotations and a lateral displacement. The floor slabs were modelled using 4-noded plate elements. The elements are subjected to pressure loading in the vertical downward direction for the three global axes of possible vibrations (Global X, Global Y, and Global Z respectively). 
VII. BOUNDARY CONDITION
The type of support to be provided is decided by considering the degree of fixity provided by the foundation.
For the 3D modal analysis, the multi-story structure adopted for the study was assumed to be fixed supported without considering the soil/foundation system stiffness.
VIII. RESULT AND DISCUSSION
In the modal analysis 3D, Mode and frequencies calculation by modal extraction method is performed by solving the equation:
Where [m] is the mass matrix (assumed to be diagonal, i.e., no mass coupling, = the natural frequency (eigenvalue) and { }= the normalized mode shapes (eigenvectors)
Every structure has the tendency to vibrate at certain frequencies called natural frequencies. Each frequency of vibration is associated with a certain mode shape that the structure tends to display when vibrating at that frequency. In Table III , since the researcher created a cut-off mode shape of 10, the software has calculated the mode shape up to 10 and it has displayed the frequency value and periods corresponding to each mode value. Although, for this research study only mode 1 which signifies the first natural frequency of vibration of the high-rise building is required.
Another important aspect in frequency analysis is the mass participation factors (how much of the mass is excited at that particular frequency). From Table III, the  participation value of the 3   rd   , 6th and 9 th mode is having a mass participation Value of 0% in all three directions. This is due to the fact that the structure is vibrating in opposite directions and the masses in both directions cancel each other. The mass participation value of mode 1 is concentrated in the X directions. Vibrations in each mode are shown to vibrate in their respective directions where the participation value is at maximum. 
IX. CONCLUSION
The drag and lift coefficient on the multi-story building corresponding to a reference wind speed of 3.40m/s was determined from the CFD simulation. Also, the time domain representations of the force coefficient from the CFD analysis were transformed into their frequency domain representation using FFT.
The modal analysis of the multi-story building using Eigen extraction method in frequency analysis was done with the aid of Finite element modeling and analysis software "STAADPRO V8I". From the result obtained, the vortex shedding frequency of the vortex shedding at the wake of the high-rise building in a steady state flow was determined and found to give a peak frequency value of 0.039063HZ. This value however is lower than first natural frequency of vibration of the high-rise building calculated using the Eigen extraction method. This may be as a result of the low wind speeds recorded in the locality. According to [15] , at relatively low wind speeds, the spiral vortices are shed symmetrically in pairs at the same instant on either side of the building. Due to the symmetrical pattern of vortex shedding, the loads will tend to cancel out each other i.e., there is no tendency for the building to vibrate in the transverse direction. It is therefore subject to along-wind oscillation parallel to the wind direction. Since the crosswind or transverse response causing motion in a plane perpendicular to the direction of the wind typically dominates the along-wind response for tall buildings, the effect of vortex shedding on the building can be ignored.
Whereas, at high wind speeds, a structure is subjected to a periodic cross pressure loading, which results in an alternating crosswind force. Because these vortices are shed alternatively, from one and then from the other side, variable low pressure zones will be formed at the wake of the highrise building creating fluctuating loads.
According to [16] , the asymmetrical pressure distribution, created by the vortices around the building cross section, results in an alternating transverse force as these vortices are shed. The fluctuating transverse load will cause the building to vibrate towards the low pressure zone and if the natural frequency of the structure coincides with the shedding frequency of the vortices, large amplitude displacement responses may occur, giving rise to large oscillation and possibly structural failure.
In conclusion, resonances developed on effect of vortex shedding were not responsible for the collapse of rectangular High-rise buildings in the locality being considered.
